ABSTRACT: The seismic behavior of unreinforced and waste tyre-reinforced embankment slopes was investigated through 1-g shaking table tests. This study examined the effects of various factors on the stability of embankment slopes.
INTRODUCTION
The annual accumulation of waste tyres has reached an alarming volume around the world, prompting increasing interest in identifying engineering alternatives for the beneficial and sustainable reuse of discarded tyres. Waste tyres have many geotechnical applications due to their excellent properties such as good seismic performance and durability, light weight, high shear strength, thermal resistivity, good drainage properties and high frictional resistance. They have been regarded as ideal construction materials to strengthen retaining walls, slopes, abutments, dams, landfills, docks and various other structures (Ahmed dynamic response under different reinforcement spacing and waste tyre composite reinforced method were investigated. The failure modes and reinforcement mechanisms were considered. In addition, since the reinforcement materials (e.g., geogrid) in geotechnical applications are currently often made from non-renewable resources, we also discussed the feasibility of using waste tyres as an alternative type of reinforcement materials.
MATERIALS, EXPERIMENTAL SETUP, INSTRUMENTATION
Tests were performed on a 2.0 m wide and 2.0 m long shaking table with single degree of freedom. All symmetrical physical models were constructed in a 2.15 m (length) x 1.0 m (width) x 0.76 m (height) container made of steel.
Twelve accelerometers were embedded in model slopes to measure horizontal acceleration. Fig.2 shows the arrangement of the instrumentation. 
TEST PROCEDURE, RESULTS AND DISCUSSIONS
Two series of shaking table tests were conducted in this study. One was to investigate the reinforcement effect of waste tyres in embankment slopes under seismic excitation. Different vertical reinforcement spacing was considered. The other was to investigate the composite reinforcement method and compare the reinforcement effect between triaxial geogrids and waste tyres. The feasibility of substituting geogrids with waste tyres in engineering applications was also discussed. Fig.2 shows the arrangement of the waste tyre and triaxial geogrids composite reinforced slope instrumentation, the vertical spacing between reinforcement material was 55mm. The slope models were constructed in the test box by compacting the sand up to the required slope geometry with the volume-control method. Acceleration amplification factor is widely used to evaluate the seismic response of an embankment slope. In this study, two peak values of acceleration responses are considered; that is, the peak value of the acceleration response in the embankment slope and the peak value of the acceleration on slope foundation. The ratio of the former to the latter is hereafter referred to as the acceleration amplification. 
Dynamic response of waste tyre reinforced slopes
The model slope is symmetrical. The position of each sensor layout was changed along with vertical reinforcement spacing. As Fig.3 shows, below the surface of the slopes at about one-third of the slope height, all acceleration amplification factors were similar and relatively small. The seismic resistant effect of tyre reinforcement was not pronounced at this location. However, along the surface of the slopes, from about one-third of the slope height, the acceleration amplification factor of all embankment slopes increased gradually with elevation, and the maximum accelerations were observed on the top of the slope. In particular, as the earthquake intensity increases, the acceleration amplification factor becomes larger and the reinforcing effect becomes more significant. Tyre-reinforced slopes can decrease the crest acceleration amplification factor by more than 32% compared to unreinforced slopes when subjected to a 0.4g Wenchuan earthquake input motion. In addition, the acceleration amplification factor of tyre-reinforced slope was clearly smaller than that of unreinforced slope, and the reduction amplitude of crest acceleration amplification factor increases with the decrease of vertical reinforcement spacing under the same peak ground acceleration. With different seismic wave inputs, the acceleration amplification factor follows an increasing trend in the following order of reinforced modes:
Effect of different seismic waves excitation
tyre-reinforced slope with 0 mm spacing, tyre-reinforced slope with 55mm spacing, tyre-reinforced slope with 110 mm spacing, and unreinforced slope.
This indicates that the tyre reinforcement can effectively decrease the 
Dynamic response of composite reinforced slopes
The position of each sensor layout and the vertical reinforcement spacing (55 mm) between two different reinforced materials were fixed. Table 2 shows the loading scheme of composite reinforced slope shaking table test. QA-3 QA04-6 QA04-9 QA04-12 0.4 Under different composite reinforcement methods, acceleration amplification factor of slope increases with the increase of seismic intensity in a nonlinear manner, and the maximum acceleration occurs on the top of the slope.
Effect of peak ground acceleration
For example, the acceleration amplification factors in unreinforced slope model are 1.5, 1.548 and 1.766 for the 0.1g, 0.2g and 0.4g input motions, respectively.
The corresponding values are 1.16, 1.204 and 1.25 in triaxial geogrids and tyre string composite reinforced slope model. Furthermore, the average acceleration amplification factor reduction of slopes reinforced by triaxial geogrids is roughly 1.4 to 2 times greater than that of slopes reinforced by a composite of waste tyres and triaxial geogrids, or by a composite of waste tyres and tyre shreds. In particular, the stronger the earthquake input motion, the larger is the seismic acceleration response and the more significant is the reinforcing effect.
This trend is consistent with the conclusions from Section 3.1.1. Elevation from base/mm tensile strength and low deformation modulus when seismic loading is applied.
Effect of different seismic waves excitation
By contrast, tyre shreds reinforced soil mainly depends on the friction effect between tyre shreds surface and soils to increase shear strength. The surface of tyre shreds is almost polished, and thus the interlocking force in tyre shreds-soil reinforced structure is smaller than that of tyre strings-reinforced soil.
Triaxial geogrids with many ribs and apertures are capable of interlocking effectively with the soil. The high tensile strength of geogrids provides confinement to resist soil extension strain. The interlock leads to a strong horizontal shear resistance and restrains the soil from lateral movement when seismic wave transmits upwards along the embankment slope. In particular, the mesh shape of triaxial geogrids plays a vital role in improving the overall stability of reinforced structure and aseismic performance. The relative displacement of the slope under different Wenchuan earthquake intensities was shown in Fig.8 and Table 3 , which further quantitatively demonstrate the different failure modes between tyre-reinforced slope and triaxial geogrids reinforced slope. The relative displacement is herein referred to as the ratio of the model slope's crest displacement to the slope foundation's displacement. The displacement is calculated through integration based on acceleration data from two series of shaking table tests conducted in this study. The difference in relative displacement between reinforced slope and unreinforced slope increases as the input acceleration peak increases. For a constant input acceleration peak, the displacement of an unreinforced slope is greater than that of a reinforced slope. Under a horizontal excitation, the displacement of a slope does not increase linearly with the increase of slope of an unreinforced slope is almost 1.25 times greater than that of a tyre-reinforced slope, for a 0.1g Wenchuan wave excitation. The corresponding multiples are 1.4 and 1.58 for 0.2g and 0.4g accelerations, respectively. It is noteworthy that although tyre-reinforced slope displaced relatively more compared to geogrids-reinforced slope, the difference is minor. This clearly indicated that waste tyres could improve properties of reinforced soil much like triaxial geogrids. It is not only an efficient way to reduce waste disposal cost, but also a desirable recycled reinforcing material to replace the commercial and non-renewable materials such as geogrids or similar reinforcing material.
Deformation modes in the slopes

CONCLUSIONS
The number of waste tyres increases every year and their disposal has turned out to be a major environmental problem worldwide. Besides the economic and environmental benefits, using waste tyres as reinforcement materials can enhance the stability of many geotechnical structures, such as slope and embankment. The following conclusions can be drawn from this study.
(a) Embankment slopes with reinforced materials are more stable and have reduced earthquake expansion effect compared to unreinforced embankment slopes.
(b) Tyre-reinforced slopes have smaller crest acceleration amplification factor, by more than 32%, compared to unreinforced slopes when subjected to a 0.4g Wenchuan wave excitation. It indicates that waste tyres could be used as a sustainable and efficient reinforcement material in geotechnical engineering applications.
(c) The beneficial effects of tyre-reinforcement are more pronounced in embankment slopes with small vertical reinforcement spacing and large peak ground acceleration.
(d) Along the surface of the slopes from about one-third of the slope height, the acceleration amplification factor of all embankment slopes increases gradually with elevation, and the maximum accelerations are reached on the top of the slope.
(e) Among various composite reinforced methods, the triaxial geogrids reinforced slopes show superior performance in seismic resistance. However, as the reinforcing effect difference between triaxial geogrids reinforced slope and tyre-reinforced slope is small, it is feasible to utilize waste tyres as an alternative type of reinforcement materials.
(f) Slopes with different reinforced materials show different failure modes.
The unreinforced slope displaced more significantly compared to the reinforced slope when subjected to the same peak ground acceleration. These results strengthen the understanding of the reinforcing mechanism of the tyre-reinforced slopes.
